UDC 621.391.812 
621391. 827.4 



mmm # 

ThF OUEEH S J.WH.HV 
VO IMDUSIP.V 

RESEARCH DEPARTMENT REPORT 



pfeca 



L.F. AND M.F. PROPAGATION: 

a study of ionospheric 

cross -modulation measurements 



No. 



1972/23 



Research Department, Engineering Division 

THE BRITISH BROADCASTING CORPORATION 



RESEARCH DEPARTMENT 

L.F. AND M.F. PROPAGATION: A STUDY OF IONOSPHERIC 
CROSS-MODULATION MEASUREMENTS 



Research Department Report No. 1972/23 
UDC 621.391.812 
621.391.827.4 



This Report may not be reproduced in any 
form without the written permission of the 
British Broadcasting Corporation. 

It uses SI units in accordance with B.5. 
document PD 5686. 



P. Knight, M.A., M.I.E.E. Head of Research Department 




(RA-102) 



Research Department Report No. 1972/23 



L.F. AND M.F. PROPAGATION: A STUDY OF IONOSPHERIC 
CROSS-MODULATION MEASUREMENTS 



Section Title Page 

Summary 1 

1 . I introduction 1 

2. Standardisation of ionospheric cross-modulation measurements 1 

2.1. Variation of cross-modulation with power density 2 

2.2. Dependence of transferred modulation on modulation frequency 2 

3. Comparison of ionospheric cross-modulation measurements 3 

4. Discussion 7 

5. Conclusions 8 

6. References 9 

7. Appendix 1 10 

8. Appendix 2 10 



[RA-1021 



© BBC 2005. All rights reserved. Except as provided below, no part of this document may be 
reproduced in any material form (including photocopying or storing it in any medium by electronic 
means) without the prior written permission of BBC Research & Development except in accordance 
with the provisions of the (UK) Copyright, Designs and Patents Act 1988. 

The BBC grants permission to individuals and organisations to make copies of the entire document 
(including this copyright notice) for their own internal use. No copies of this document may be 
published, distributed or made available to third parties whether by paper, electronic or other means 
without the BBC's prior written permission. Where necessary, third parties should be directed to the 
relevant page on BBC's website at http://www.bbc.co.uk/rd/pubs/ for a copy of this document. 



July 1972 



Research Department Report No. 
UDC 621.391.812 
621.391.827.4 



1972/23 



L.F. AND M.F. PROPAGATION: A STUDY OF IONOSPHERIC 
CROSS-MODULATION MEASUREMENTS 



Summary 

Measurements of ionospheric cross-modulation found in the literature have been 
standardised to a common disturbing-transmitter power and subsequently compared. It 
is s fiown that disturbing transmitters radiating in the medium-frequency broadcasting 
band can cause as much cross- modulation as those operating in the low-frequency band, 
because of the influence of the Earth's magnetic field. A semi-empirical formula for the 
maximum cross-modulation which is likely to be observed is proposed. 



1. Introduction 

When the region of the ionosphere traversed by a sky- 
wave broadcast-signal is strongly illuminated by a high- 
power disturbing transmitter, the audio-frequency modula- 
tion of the latter may be superimposed on the carrier of the 
former and cause interference. This cross-modulation, also 
known as the Luxembourg effect, is caused by a non- 
linear process in the ionosphere. The mechanism has been 
described in an earlier report and elsewhere. Briefly, the 
disturbing transmitter varies the collision frequency* of the 
ionosphere in step with its modulation and this, in turn, 
varies the attenuation suffered by the traversing wave, 
leading to cross-modulation. 

Ionospheric cross-modulation is mainly confined to 
the low-frequency (l.f.) and medium-frequency (m.f.) 
broadcasting bands, and the high-power transmitters which 
are in common use today may cause serious interference to 
sky-wave broadcasting services. Because of the large 
numbers of transmitters in these bands, ionospheric cross- 
modulation is difficult to distinguish from co-channel inter- 
ference and even more difficult to measure. Numerous 
measurements have, however, been made in the past when 
these bands were less congested and a preliminary analysis 
of these measurements has already been presented. A 
more detailed comparison of these measurements is con- 
tained in this report and a semi-empirical formula for the 
calculation of maximum cross- modulation levels is proposed. 



2. Standardisation of ionospheric cross-modulation 
measurements 

The measurements of ionospheric cross-modulation 
listed in the next section were made with a variety of 
disturbing-transmitter powers and modulation characteris- 
tics, and different types of transmitting aerial were used. 



* Average rate at which free electrons collide with molecules. 
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Fig. 1 - Field strength at base of ionosphere when 100 kW 
is radiated from various types of aerial 
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Ground conductivity in vicinity of aerials, 10 S/m 



Before they can be compared they must be standardised to 
a reference transmitter and aerial, using methods described 
in this section. 

The level of cross-modulation depends mainly on the 
strength of the disturbing wave at the base of the iono- 
sphere, and this is determined both by the transmitter 
power and by the type of aerial employed. Fig. 1 shows 
the field strength at the base of the ionosphere when 100 
kW is radiated from different aerials; the height of the base 
of the ionosphere is assumed to be 80 km and the aerials to 
be situated on ground of good conductivity (10~ 2 S/m). 

With aerials up to a quarter wavelength (X/4) high the 
greatest field strength at the base of the ionosphere is pro- 
duced by radiation which leaves the aerial at 45° to the 
vertical, and therefore occurs at a horizontal distance of 
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about 80 km from the transmitter; the maximum is, how- 
ever, very broad, as may be seen from Fig. 1. Aerials 
short compared with A/4 are always used at l.f„ but at m.f. 
aerials 0-5X high are frequently used to suppress high-angle 
radiation, and these produce a lower field strength at the 
ionosphere, as Fig. 1 shows. On the other hand horizontal 
aerials, which are sometimes used at m.f., may give rise to 
higher field strengths at the base of the ionosphere. For 
example, Fig. 1 shows that the field strength directly above 
a horizontal dipole \/4 above ground is nearly three times 
as great as the maximum field strength due to a short 
vertical aerial radiating the same power. The increase is 
partly due to the shorter distance to the ionosphere and 
partly to the higher power gain of the horizontal aerial. A 
small contribution {0-5 dB| also comes from the more 
efficient reflection of horizontally-polarised waves in the 
ground below the aerial. 



power of the disturbing wave and k is a constant. When 
the disturbing transmitter is sinusoidally modulated, P varies 
between P u (1 - M) 2 and.P u (1 + M) 1 , where M is the modu- 
lation coefficient and P u is the power radiated by the dis- 
turbing transmitter when unmodulated. Substitution of 
these values of P in Equation (1) shows that A then varies 
by AkMP u dB over the modulation cycle. The ratio of the 
maximum and minimum field strengths of the wanted wave 
{E max and£' min respectively! is therefore given by 



20 log, 



4JtAff>, 



(2) 



The modulation impressed on the wanted wave is approxi- 
mately sinusoidal and the transferred modulation coefficient 
T is given by 



It is reasonable to assume that cross-modulation 
caused by radiation from any particular type of aerial 
depends on the maximum power density at the base of the 
ionosphere. In standardising to a reference aerial radiating 
a stated power, therefore, maximum power densities at the 
ionosphere rather than actual transmitter powers must be 
compared. For example, 12-5 kW radiated from the 
horizontal aerial described above may be assumed to have 
the same maximum effect as 100 kW radiated from a short 
vertical aerial. 

2.1. Variation of cross-modulation with power density 

The maximum power density at the base of the iono- 
sphere when 100 kW is radiated from a short vertical aerial 
is a convenient reference. Cross-modulation is proportional 
to the power density of the disturbing transmission, and to 
its modulation depth, provided the cross-modulation is less 
than 10%. If either the measured or the standardised 
cross-modulation exceeds this value, a more precise relation- 
ship between power and cross-modulation, derived in this 
section, must be used instead. 

It has been shown that the increase in the attenua- 
tion of the wanted wave, on a typical path, is proportional 
to the instantaneous power of the disturbing transmitter. 
A more detailed theoretical study has shown that this 
relationship is to be expected for all disturbing waves at l.f. 
and for ordinary disturbing waves at m.f. It may not 
apply, however, to extraordinary disturbing waves near the 
gyromagnetic frequency* unless they are relatively weak. 

When the linear relationship between the instan- 
taneous power and the attenuation increase applies the 
attenuation of the wanted wave may be written in the form 



A=A n + kP {dB) 



(11 



where A Q is the attenuation of the wanted wave in the 
absence of the disturbing wave, P is the instantaneous 



t The terms refer to the two modes of wave propagation in the 
ionosphere viz the ordinary wave and the extraordinary wave. 
* In Europe the gyromagnetic frequency is about 1-25 MHz. 
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From Equations (2) and (3) it may be shown that 

r=tanh (0-2303 kMP u I (4) 

= tanh KqMP u I 

where q is a further constant. 

Fig. 2, which is a hyperbolic tangent curve, shows the 
relationship between T and the product MP U in arbitrary 
units. Fig. 2 may be used to estimate values of T for 
specified values of M and P from measurements made with 
other values. It shows that T is proportional tojW and P u 
provided it is less than 0-1 (10% cross-modulation). The 
linear relationship does not apply to larger values of T, 
because T cannot exceed 1-0 (100% cross-modulationi. 

2.2. Dependence of transferred modulation on modu- 
lation frequency 

The change in the attenuation of the wanted wave 
does not occur instantly when the power of the disturbing 
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Fig. 2 - Variation of cross-modulation with power and 
modulation depth of disturbing transmitter 



transmitter varies, but is subject to a time constant which is 
of the order of 1ms. Consequently the transferred modu- 
lation level decreases as the modulation frequency of the 
disturbing transmitter increases. It has been shown that 
the transferred modulation coefficient T is related to its 
limiting value T Q at very low modulation frequencies by the 
expression 



1 r 1 — -T-=T=nt=T 



T=T n 



m 



-V, 



(5) 



where <jO m is the angular modulation frequency, G is a 
constant and v is the average electron-collision frequency at 
the height where cross-modulation occurs. 

Measurements of the time constant have shown that 
Gv varies between 750 and 3000 sec - ' , the value depending 
on the height at which cross-modulation occurs. Fig. 3 
shows the variation of T/T Q for three values of GV within 
this range; the value of 1500 may be regarded as typical. 
Fig. 3 may be used to estimate values of T for specified 
modulation frequencies from measurements made with 
other frequencies. 

3. Comparison of ionospheric cross-modulation 
measurements 

Published measurements of ionospheric cross-modula- 
tion, made with a variety of disturbing transmissions, are 
listed in Table 1. Whenever possible Table 1 gives median 
values for measurement periods of several minutes or 
longer. Higher values observed for shorter periods with 
fading signals have been disregarded. 

The methods described in Section 2 have been used to 
estimate the cross-modulation level, T , which would have 
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Fig. 3 - Variation of cross-modulation with modulation 
frequency 



been observed had the disturbing transmitters radiated from 
short vertical aerials with a power of 100 kW and been 
modulated at 300 Hz to a depth of 80%. This relatively 
low power was adopted as a reference because many of the 
measurements were made with powers of this order; its use 
ensured that large extrapolations from measured values were 
seldom required. 

The choice of 300 Hz for the reference modulation 
frequency was made because it was used for many of the 
experimental transmissions. In standardising measurements 
made with other modulation frequencies or reported in 
terms of the limiting cross-modulation T Q applicable to 
very low frequencies, Gv was assumed to be 1500 sec -1 
unless a measured value was quoted. 



TABLE 1 
Measured cross-modulation 



Date 


Location and 
gyromagnetic 
frequency, 
MHz 


Disturbing transmitter 


Wanted 
frequency 

kHz 


Cross-modulation 


Reference 


Frequency 
kHz 


Power 
kW 


Mod 


jlation 


Measured 
% 


Standardised 

% 


Hz 


% 


1934 


W.Europe 
1-22 


230 


200 1 


200 
400 


30 


556 


3 7 

3-3 


1-75 


5 


1935 


W.Europe 
1-22 


230 


20O 1 


400 


80 


1 50 - 200 2 
550 - 1 500 2 


1-3-1-6 
0-8- 1-5 


0-8 - 0-95 
0-5 - 0-9 


5 


1935 


Germany 
1-23 


191 


GO 


300 


70 


1031 
658 


1-0- 1-5 
2-4 


2-0 - 3-0 
4-8 


6 (Fig. 6) 
6 (Fig. 7) 


1937 


England 
1-25 


1150 


30 


125 


75 


160 and 182 


3 


7 


7 



Superscripts refer to notes at the end of the Table. 
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120 








057- 13 


07- 15 








638 


85 
50 


400 


70 


592 


0-45 - 11 
0-27 -1-1 


0-8- 1-8 
0-8 -3-1 


8 (Table 61 


1938 


Germany 


785^ 
841 J 


120] 
100 
















1-23 


400 


70 


841 


003 - 0-09 


007 -0-21 


V 3 (Fig. 7) 






400 


70 


785 


003-0-12 


0-O8 - 0-34 






1O50 3 






60 




2-3 


5-2 




1946 


England 


120 


300 




200 






9 




1-25 








80 




3-7 


6-2 




1947 


England 


200 


150 


300 


80 


767 


2 2 


1-5 


10 (Fig. 11) 




1-25 


167 


167 






767 


8 


3-6 








90-2 


20 






767 


<01 


<0-4 








200 


170 






1050 


4 


1-8 








1013 


60 






1050 


3 


3-7 








68 

167 


80 
167 


See No 


te 4 


1050 
1050 


1 


<0-1 

0-5 


10 
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1013 


60 






200 


2 


2-5 








200 


170 






1013 


4 


1-8 








167 


167 






200 


4 


1-8 








200 


170 






167 


2 


0-9 


J 






200 


170 


300 


SO 


1050 


0-40 1-27 


0-24- 0-75 


11 (Fig. 2) 






200 


170 


See 
Note 5 


80 


1050 


0-6 - 2-5 


0-2 - 0-9 


11 (Table 11 






200 
167 


170 
170 


80 
80 


1050 
767 


0-77 - 2-6 
4 


0-3 - 0-95 
1-6 


11 ITable 2J 
11 (p. 1421 










230 


30- 35 




2-3 - 3-8 


75- 92 


13 (Fig. 21 


1948 


Italy 


1128 


5 






485 










1-19 






450 


35 




1-5 -20 


75 - 85 


12 (Fig. 31 


1948 


England 


167 


170 


300 


80 


767 


2-2 


1-3 


15 (Fig. 4) 




1-25 


200 


170 




80 


1050 


2-2-3-0 


10- 1-6 


- 1 






167 


170 




80 


767 


0-5 - 26 


02- 08 








200 


170 




30 


767 


1-3-1-7 


0-5 - 0-6 


► 15 (Fig. 7) 






1013 


60 




80 


767 


0-3 - 9 


02-0-7 








167 

200 

1013 


170 

170 

60 


See 

Note 

5 


80 
80 
80 


767 
767 
767 


1-7- 2-3 
1-3- 1-7 
0-5 - 0-8 


0-6 - 0-8 

0-5 - 0-6 
0-5 - 0-8 


J 15 (Fig. 9) 






1122 


60 


80 


767 


<0-5 


<0 5 








1312 
1474 


60 
60 




80 
80 


767 
767 


<0 5 
<05 


<012 
<0-12 


" 15 (p. 5051 






167 


170 




80 


767 


3 3 


1-2 


J 






1122 


60 




80 


167 


0-5 


0-5 


1 






1312 


60 




80 


167 


0-5 


0-12 


f 15 lp. 506) 






1474 


60 




80 


167 


18.40 


4-0, 9-3 


J 






167 


170 


60 


60 


767 


2-1 - 2-3 


0-79 - 0-87 


"1 






167 


350 


60 


60 


767 


4-25-4-4 


0-78 -0-82 


> 15 (p. 507) 






167 


520 


60 


60 


767 


6-4 - 68 


0-79 - 0-84 


J 


1949 


Italy 


1100 








475 


2-9 


45-98 


1 




1-19 


1200 
1300 


3-3 


230 


80 


475 
475 


1-5 

2-9 


35 
45-98 


j 14 (Fig. 31 






1200 








430 


6 


90 


18 (Fig. 6) 



Superscripts refer to notes ar the end of the Table 
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frequency, 
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kHz 
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kW 
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frequency 
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% 
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1949 


England 


167 


120 






767 


6 


3 


T 






1-25 


167 


120 






1050 


1 - 3 


0-5 - 1-5 










167 


120 


See 




1122 


0-5 


0-25 










200 


130 


Note 




1050 


1-5 - 4 


0-5 - 1 -4 










200 


180 


5 




804 


2 


0-7 




' 16 (p. 121 






200 


180 






70 


<0-l 


<003 










167 


120 




See 


200 


10- 20 


5-10 










668 


100 




Nore 
6 


1050 


2 


1 










68 


80 


50 




1050 


<0-1 


<0-1 


- 








1325- 


100 


60 




767 


3 


0-5 


16 (p. 15) 






1355 




















200 


170 


300 




1050 


0-13 


0-08 


17 (Fig. 6) 






200 


170 


300 




1050 


3-5 


2-0 


17 (Fig. 8) 






1325- 


100 1 


60 




767 


1 -4 


0-15-0-6 


17 (Fig. 9) 






1355 
















1951 


Australia 
1-53 


1255 
1385 
1455 








1-2 
33- 5 
6-0 - 79 


1-0 
2-6 -40 
4-8 - 6 3 








1530 


36 7 


See Note 8 


590 


3-9 - 9-9 


3-1 -7-9 


19 [Fig. 3) 






1605 








5-6-9-0 


4-5 - 7-2 








1680 








6-0 - 7-5 


4 8 - 60 








1755 








2-7 


22 




1954 


Australia 
1-53 


1390 
1420 
1450 
1480 
1510 








2-5 -5 
3-7 
4-7 
5-9 
5-9 


2 - 4-0 

2-4 - 5-6 
3-2 -5-6 
4-0 -7-2 
40 - 7-2 


20 (Fig. 41 






1540 


36 7 


See Note 8 


590 


4-10 


3-2 - 8-0 








1570 








4-9-5 


3-2 - 7-6 








1600 








5-9 


4-0 - 7-2 








1630 








5-8 


40 -6-4 








1660 








3 6 


2-4 - 4-8 








1690 








2-6 


1-6-4-8 








180 


2700 






233 


3-3 -48 


0-15-0-21 


"I 


1965 


W. Europe 






400 


80 








y 21 [Table 1) 




1-21 


233 


3250 






180 


3-8 


0-14 


J 








3050 








5-0 - 140 


0-23-0-63 


1 








180 


150O 
600 

3630 


400 


70 


233 


2-5-6-1 
1-0 - 6-2 

6-8 - 9-1 


0-23-0-56 
0-23- 1-42 

0-26-0-34 




- 21 (Tables 2 
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233 


1650 
800 

2200 


400 


70 


180 


5 1 - 5-3 

2-5 - 6-8 

5-5- 10 


0-42-0-44 
0-43- 116 

0-34 - 0-62 


_> 

1 








180 


1100 
400 

2600 


400 


70 


233 


4-5 - 6-5 
4-5 

3-9 


0-56- 0-81 
1-4- 1-7 

0-16-0-47 




► 21 (Fig. 81 






233 


1200 


400 


70 


180 


1-5-4-5 


0-17-0-51 












600 








0-5-5 


0-1-3 


-" 
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Date 


Location and 
gyro magnetic 
frequency, 
MHz 


Disturbing transmitter 


Wanted 

frequency 

kHz 


Cross-modulation 


Reference 


Frequency 
kHz 


Power 
kW 


Modulation 


Measured 
% 


Standardised 
% 


Hz 
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1968 


W. Germany 










971 


5-5- 10-3 


11 - 21 






1-23 




700 7 






665 


16-3- 22-5 


0-33-0-45 


22 (Table 21 






1538 


350 


400 


70 


971 
665 


1-3-5-1 

3-7 - 110 


0-14- 0-55 
0-40- 1-2 




1970 


W. Europe 
1-23 


200 
1538 


400 
700 7 


Programme 


566 
539 


5 
3-25 


1-2 

006 - 0-5 


Unpublished 
BBC measure- 
ments 



NOTES 

1. Power not stated in Reference. Value derived from other sources. 

Many wanted transmitters were observed. Results quoted are for paths with reflection points close to disturbing transmitter. 

0-5\vertical transmitting aerial. 



Results quoted are 'coefficients of transferred absorption', equal to 7" o + M I2M2M. 

Results quoted are values of 7" 

Modulation depth not stated, but assumed to be 80% as in earlier series of measurements. 

Horizontal transmitting aerial. 

Pulse transmission: power quoted is peak value. 



Cross-modulation was assumed, on theoretical grounds, 
to be independent of the power of the wanted transmitter. 
Provided the wanted wave has no significant effect on the 
collision frequency in the region where cross-modulation 
takes place, its attenuation will be modified only by the 
disturbing transmitter. Even if the wanted wave is strong 
enough to disturb the ionosphere, the change in cross- 
modulation level will be small. 

Most of the disturbing transmissions were radiated 
from vertical l.f. and m.f. broadcasting aerials operating at 
their normal frequencies and standardisation to a short 
vertical aerial presented no difficulty. When transmitting 
aerials with horizontal directivity were used (as in Reference 
21 1 the effective radiated power* in the direction where 
cross-modulation takes place, rather than the actual power, 
was standardised to 100 kW. 

Some disturbing transmissions were radiated from 
unconventional aerials, or from aerials operating at fre- 
quencies for which they were not intended. Thus the 
special transmissions from Ottringham on frequencies be- 
tween 1122 and 1474 kHz, described in References 15, 16 
and 17, were radiated from a pair of 154 m (504 ft) masts 
spaced 61 m (200 ft), intended for use at lower frequencies. 
At 1474 kHz, for example, these masts were 0'75\ high and 
most of their radiation was concentrated at high angles, the 
estimated maximum power density at the base of the iono- 



* The actual radiated pouver multiplied by the aerial gain in the 
direction of interest. 



sphere being 4-5 times that due to a short vertical aerial 

radiating the same power. Allowance must, of course, be 

made for this greater power density in standardising the 

measurements made with these transmissions. The vertical 

o i 
aerial at Mainflingen is also about 0'75\ high and has a 

similar radiation pattern. 

Some of the transmissions from Mainflingen were 
radiated from a directional horizontal aerial, the estimated 
maximum power density at the base of the ionosphere 
exceeding that due to a short vertical aerial radiating the 
same power by a factor of 9-5. 

The Australian transmissions, which were intended 
for the study of cross-modulation at frequencies near the 
gyromagnetic frequency, made use of a horizontal dipole 
X/4 above ground; Fig. 1 shows that the maximum power 
density due to this type of aerial is 8 times that due to the 
reference aerial. Pulse modulation was employed, the peak 
power of 36 kW being the same as that radiated by a con- 
ventional 1 1 kW transmitter, modulated to a depth of 80%, 
at the peak of the modulation cycle. The Australian 
transmission is therefore equivalent to 88 kW radiated from 
a short vertical aerial. 

In these pulse transmissions, the duration of the pulse 
(1 ms) was insufficient for the ionosphere to reach its 
steady-state condition. The measured cross-modulation 
was therefore less than it would have been had the pulse 
been longer. Appendix 1 shows how 7 Q and 7\ 00 may be 
calculated from the measured values of T. 
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Fig. 4 - Comparison of 
cross-modulation measure- 
ments 

□ Pre-war measurements 
(References 5, 6, 7 and 
6) 
O Measurements made at 
Cambridge and Birming- 
ham IReferences 9, 10, 
11, 15, 16and 17) 
• Italian measurements 

IReferences 12, 13, 14 
and 18) 
& Australian measurements 
(References 19 and 20) 
-j Post-war measurements 
made in W. Europe 
(References 21 and 22) 
x Other measurements 

Semi-empirical upper 

limit 
Vertical lines represent a range 
of median values measured 
during the course of a night, or 
on different nights. Arrows 
pointing downwards indicate 
measured values which are less 
than the value shown. 



4. Discussion 

The standardised measurements are listed in Table 1 and 
compared in Fig. 4. They show considerable variation, 
some of which may be due to a dependence on the fre- 
quency of the wanted wave. Since the rates of attenuation 
of waves in the lower ionosphere tend to decrease with the 
square of the frequency, waves of higher frequencies would 
be expected to suffer less attenuation in the disturbed 
region of the ionosphere, and therefore (ess cross-modu- 
lation. 

In an attempt to reduce the scatter, the standardised 
measurements were weighted first according to the square 
of the wanted frequency, and then according to a semi- 
empirical formula which took account of the influence of 
electron collisions on the frequency dependence at lower 
frequencies.* The scatter was not reduced in either case. 

* The raie of attenuation of a wanted wave varies approximately as 
Viw + OJ ! where V is the effective collision frequency and CO is the 
angular wave frequency. Ac the height where cross-modulation 
occurs, v and W are of comparable magnitude and the 1;oj 
relationship does not apply. 



Although some of the variation must be due to the fre- 
quency of the wanted wave, it may be smaller than theory 
suggests, because the total attenuation of wanted waves is 
largely independent of frequency within the l.f. and m.f. 
bands. Most of the variation probably arises because of 
the variety of geographical arrangements of transmitters and 
receivers which were used for the measurements. Some of 
the arrangements, such as those described in References 8, 
12, 13, 14, 18, 19, 20 and 22, were deliberately chosen 
to secure the maximum effect. Others were dictated by 
the positions of existing transmitting and receiving sites and 
were not necessarily the optimum for the observation of 
the greatest possible cross-modulation. 

Some of the variation may be due to changes in the 
absorption of the wanted wave from night to night, or 
during the course of the night. An apparent dependence 
on the power of the wanted transmitter which has been 
reported is thought to be due to these changes. 

T This situation arises because waves of the lower frequencies pene- 
trate less deeply into the ionosphere Thus the total attenuation 
they experience is comparable ic that suffered by waves of higher 
frequencies, even though the rate cf attenuation is greater. 



a 



If the Earth's megnetic field were absent, cross- 
modulation would decrease approximately as VFq, where 
F D is the frequency of the disturbing transmitter. The 
Earth's field, however, causes a cross-modulation maximum 
at the gyromagnetic frequency, the width of the maximum 
depending on the collision frequency at the height where 
cross-modulation takes place. The enhanced cross-modu- 
lation near the gyromagnetic frequency was first reported 

,12,13,14 



in Italy 
Australia 



19,20 



and has been carefully measured in 



The exceptionally large standardised values derived 
from measurements made near the gyromagnetic frequency 
in Italy are difficult to explain; cross-modulation levels as 
large as 9% were measured when powers of only 3-3 and 
5 kW were radiated. The 5 kW transmitter (Vatican Radio) 
radiated from a wire 25 m long; this would be expected 
to behave as a short vertical aerial. The 3-3 kW transmitter 
was the RAI station at Florence and presumably radiated 
from a vertical aerial. Theory suggests that the linear 
relationship between power and attenuation may not apply 
near the gyromagnetic frequency; if so the use of Fig. 4 for 
the standardisation of these low powers would give rise to 
errors and may explain why the standardised values are not 
consistent with those derived from other measurements. 



Mention must also be made of the large values of T D 
{18% and 40%) measured on two occasions at Birmingham 
when 1474 kHz was radiated from Ottringham. The 

disturbing transmission was radiated from an aerial 0-75X 
high and consequently the reflection point for the wanted 
wave, also radiated from Ottringham, was strongly illumina- 
ted. The standardised values of T (4-0% and 9-3%) are 
consistent with the largest values measured elsewhere. Thus 
the explanation, given in Reference 15, that the abnormally 
large values may be associated with a coincidence of 
reflection levels appears to be correct, but the proximity 
of the wanted frequency to the gyromagnetic frequency 
(1-25 MHz) is also partly responsible for the enhanced 
effect. 

Because many of the experimental arrangements were 
chosen to obtain the greatest effect. Fig. 4 gives an indica- 
tion of the maximum cross-modulation which is likely to 
occur in practice under the standardised conditions. It will 
be seen that, if the Italian measurements are disregarded, 
the maximum standardised cross-modulation observed at 
the gyromagnetic frequency is about 7% and is comparable 
with the largest values measured at l.f. This figure has been 
used in the derivation of the following semi-empirical 
formula for the maximum percentage cross-modulation 
likely to be observed under the standardised conditions: 



^300 = ' 28 



1 



Q-Q4+FI 0-04 + (AF D ) 2 



(6) 



Here Fp is the frequency of the disturbing wave in MHz 
and AFn is the difference between Fjy and the gyro- 
magnetic frequency, also in MHz. The derivation of 
Equation (6) is described in Appendix 2. Since it is based 
on the measurements described here, its use should be 
restricted to regions such as Europe and Australia where 



the magnetic dip latitude is approximately 60 
shows values of T JW calculated from Equation 
ing a gyromagnetic frequency of 1-25 MHz. 



The use of Equation (6) should also be restricted to 
aerials which radiate linear polarisation. In temperate 
latitudes, a plane-polarised incident wave excites the 
ordinary and extraordinary waves in roughly equal pro- 
portions at near-vertical incidence. If an m.f. aerial were 
designed to radiate only the ordinary wave, i.e. by radiating 
circular polarisation with the appropriate sense of rotation, 
cross-modulation would be considerably reduced. On the 
other hand, if the extraordinary wave only were radiated, 
cross-modulation would be doubled because the extra- 
ordinary wave is mainly responsible for disturbing the 
ionosphere at m.f. 



5. Conclusions 

The measurements which are compared show that dis- 
turbing transmitters can cause as much cross-modulation at 
m.f. as they do at l.f., especially if they operate at fre- 
quencies close to the gyromagnetic frequency. No clear 
dependence on the frequency of the wanted wave can be 
detected, however, and there is some justification for 
assuming that cross-modulation is almost independent of 
wanted-wave frequencies within the l.f. and m.f. broad- 
casting bands. 

When 100 kW is radiated from a short vertical aerial, 
cross-modulation depths of up to 7% may be observed. 
However measured cross-modulation levels are frequently 
much lower than this figure because wanted waves seldom 
traverse the most disturbed region of the ionosphere. Cross- 
modulation may also vary considerably from night to night, 
or during the course of a single night, because of changes in 
the ionospheric absorption of the wanted wave; the figure 
quoted above is a median value. Abnormally high cross- 
modulation may occur during deep fades of the wanted 
signal but it is then accompanied by other forms ot dis- 
tortion which may be equally disturbing. 

The value of 7% referred to above is also given by the 
semi-empirical formula. Equation (6), for the calculation of 
the maximum median cross-modulation which is likely to 
be observed. Since this formula was derived from measure- 
ments made in Europe and Australia, its use should be con- 
fined to temperate latitudes and to aerials which radiate 
linear polarisation. Cross-modulation may be reduced at 
m.f. if circular polarisation is radiated, provided the sense of 
rotation is such that the ordinary wave predominates; with 
the opposite sense of rotation cross-modulation may be 
doubled. 

Up to a level of 10%, cross-modulation is directly 
proportional to the power of the disturbing transmitter and 
to its modulation depth. If cross-modulation exceeds this 
figure its variation with power and modulation depth is 
described by Fig. 2. There is some evidence which suggests 
that Fig. 2 may not apply at the gyromagnetic frequency if 
the extraordinary wave is strongly excited. 



Cross-modutation also depends on the type of aerial 
from which the disturbing wave is radiated. The semi- 
empirical formula applies To radiation from vertical aerials 
up to 0-25\ high. Twice as much power may be radiated 
from 0-5A vertical aerials for the same effect, because they 
radiate less strongly at high angles. On the other hand, 
horizontal aerials radiate more strongly; for example 12-5 
kW radiated from a horizontal dipole 0-25X above ground 
has the same maximum effect on the ionosphere as 100 kW 
radiated from a short vertical aerial. 
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7. APPENDIX 1: 
Standardisation of Pulse Measurements of Cross-Modulation 



Pulse transmissions were used as disturbing waves for 
the Australian measurements, described in References 19 
and 20. As the pulse length (1 ms) was comparable with 
the ionospheric time constant MGv, there was insufficient 
time for the ionosphere to reach its fully-disturbed state 
before the end of the pulse. Consequently the transferred 
modulation depth T was less than the limiting value T 
which would have been measured if the pulse had been long 
enough. This Appendix shows how T may be calculated 
from measured values of T. 



wonted transmission 
1 




^min tne minimum amplitude which actually occurs.* 
These three quantities are related by the equation 

F' ■ ~F ■ + (F -F ) c- Gvt (7) 

where t is duration of the pulse. 

The limiting value T is given by 



7" = 



E — F ■ 
max mm 

F + F ■ 
'-'max •'mm 



(8) 



The measured transferred modulation T is 



F — F' 
max min 



F + E' 
max mm 



(9| 



If Equation (7) is substituted in Equation (9) and the 
approximation {F m3Ji + E' min ) - [E mM + E min ) made, it 
may be shown that 



r d-e- 



-Gvt 



(101 



Fig. 5 - Modulation waveforms with pulse transmission Equation (10) enables T D to be calculated from T, and 



The interval between pulses (24 ms) was sufficient for 
the ionosphere to return to its undisturbed state before the 
next pulse. Consequently the modulation waveform of 
the wanted transmission takes the form shown in Fig. 5, 
E max being the amplitude in the absence of the disturbing 
transmission, E min the amplitude to which it would have 
been reduced had the pulses been sufficiently long and 



Equation (5) may then be used to calculate T from T . 
In the Australian measurements, values of Gv oetween 750 
and 900were determined from the shape of the exponential 
rise of the wanted signal which follows the pulse. It may 
be shown that T 30Q is approximately equal to 0-7T for all 
values of GFwithin this range. 



* Fig. 3 of Reference 20 shows an oscillograph of the received 
waveforms. 



8. APPENDIX 2: 
A Semi-empirical Formula for Maximum Cross-Modulation 



Equation (8) of Reference 1, a formula due to Bailey, 
shows that the disturbance suffered by the ionosphere when 
a plane-polarised wave is incident upon it is proportional 
to 



W = P 



sin 2 4/ 



sin 2 \p 



2cos 2 \p 

H + 

v 1 + co 2 v 2 + (w+gj h ) 2 v 2 + (oj-o; h } 2 



(111 



where P is the power density of the incident wave 

i// is the angle between the electric vector of the 
incident wave and the direction of the Earth's 
magnetic field 

v is the electron-collision frequency in the dis- 
turbed region of the ionosphere 

w is the angular wave frequency 

u> H is the angular gyromagnetic frequency. 



Cross-modulation is approximately proportional to W. 

At l.f., cJ H 3>t<j and W is greatest when \p = 0; it is, 
then equal to 2PI[v 2 + u 2 ). In Europe this situation arises 
to the north of disturbing transmitters radiating from 
vertical aerials, because the electric vector of the incident 
wave is then approximately parallel to the direction of the 
Earth's magnetic field. 

Near the gyromagnetic frequency, w — cj h is small 
and the third term in Equation (11) predominates unless 
4> - 0. Consequently W has a maximum value, when 
\f/ = 90, approximately equal to Pl[v 2 +■ |co — a) H ) 2 ]; 
this situation arises in Europe towards the south of dis- 
turbing transmitters radiating from vertical aerials. 

It is assumed here that the maximum value of W for 
all frequencies in the l.f. and m.f. bands is given approxi- 
mately by the sum of these two expressions. Thus 
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W = P 

max 



V 2 ■+ CJ 2 V 1 + (0J-GJ H > 2 



(12) 



Detailed calculations have shown that cross-modulation is 
most likely to occur at a height of about BO km, where the 
effective collision frequency is approximately 1-25 x 10 6 
sec - ' . If this value is inserted in Equation (12) and the 
latter expressed in terms of the disturbing frequency F D in 
MHz, the following result is obtained: 



W <*P 

max 



004 + /^ 0-04 + (A/^) 2 



(13) 



where AF D is the difference between the disturbing fre- 
quency and the gyromagnetic frequency. Equation (13) 
shows that the values of W max are approximately equal at 
0-2 MHz and at the gyromagnetic frequency {1-25 MHz in 
Western Europe), and this conclusion is consistent with 
detailed theoretical calculations.'' 

Since cross-modulation is approximately proportional 
to fV, Equation (13) was used as a basis for Equation (6), 
the semi-empirical formula stated earlier for the maximum 
percentage cross-modulation likely to be observed under 
the standardised conditions. The constant 02B in Equation 
(6) was chosen to give T }0Q a value of 7% at the gyro- 
magnetic frequency, so as to be consistent with the 
measured values shown in Fig. 4. 
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